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- SUMMARY

Theeffectof compressibilityonthelosscharacteristicsdown-
streamoftwo-dimeuionalturbomachinebladerowsissnal.yzed.Equations
arederivedforobtainingthecompressible-flowboundary-layercharac-
teristicsfora simplelowervelocitydistribution.Losscoefficients
atthebladettiling.edgearetha obtainedintermsofthesecharac-
teristics.FinaU.y,over-alllosscoefficients,includlngtheeffect
ofmixingdownstreamofthebladerow,areobtainedintermsofthese
characteristics.

Thebladelosscoefficientsbasedonkineticenergybothbeforeand
aftermixingareapproximatelyindependentof compressibilityeffect,but
thelosscoefficientsbasedonpressureareconsiderablyaffected.!Ehus,
losscoefficientsbasedonkineticener~ arethemoredestrableinde-
scribingthecompressible-flowbladelosscharacteristics.Theover-aU
losscoefficientsalsodependdirectlyonthemomentumthicknessJust
atthebladetrailingedge,indicatingthatanaccuratedeterndnation
ofthebladelosscharacteristicsdependsonanaccurateevaluationof
themomentumthicknessforcompressible-flowconditions,eitherby ex-
perimentortheory.

Theresultsoftheanalysis&o indicatethatthelosscoefficients
titermixingaresignificantlygreaterthanthelosscoefficientsatthe
trailingedge,especiaU.yathighsubsonicandsupersonicvelocityleveb
whenbasedonpressure.Thiseffectofmixingshouldthereforebe in-
cludedindescribingthebladeperformancecharacteristics.Theexample
discussedhereinalsoindicatesthatticreastigthetrailing-edgethick-
nesscanincreasetheover-sXllosscoefficientssignificantly,witha
compressibilityeffectonlyatflowanglescloseto sxial.
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lT4’PRODUCTION

Thepotentialitiesof size,weight,andstagereductioninthero-
tatingcomponentsofjetenginesthroughutilizationof increasedflow
velocitieshavemotivatedconsiderableresearchonthesecomponents.The
practicabilityof suchcomponentsinenginesdependsto a greatextenton
theirabilityto achieveefficienciescomparableto thoseofmorecon-
servativeunits.ThuE,itis importantthattheeffectoftheincreased
flowvelocitiesonthevariouslosseswithintheturbomachinebladerows
be understood..

Oneofthemoreimportantlossesoccurringwithinturbomachineblade
rowsisthetwo-dimensionalfrictionlossincurredastheairpassesover
theblades.Thislossiscommonlydescribedintermsofa mass-averaged
total-pressureorkinetic-energydefectJustatthebladeexit.The
measurementsatthebladeexitcanalsobe usedto obtaincertainchar-
acteristicsoftheboundarylayeras itleavestheblade.Thecharacter-
isticscommonlyusedinboundary-lay=workare(1)displacementthick-
ness,whichisa measmeoftheflowblockageduetotheb&Mary layerj
(2)momentumthickness,whichisa measureofthelossinmomentumdue
tofrictionwithtitheblade,and(3)energythickness,whichisa meas-
ureofthekinetic-energylossduetofriction.

Aftertheflowleavestheblade,mixingtakesplaceuntiluniform
conditionsareestablished.Theover-tilossas obtainedfromtheblade
inlettothatstationaftermixingrepresentsthetruelossoftheblade
andisgreaterthanthatobtainedby mass-averagingthelossjustatthe
bladeexit.Thedifferencebetweenthetwolossescanbetermeda mixing
loss,sinceitoccursasa resultofthenonuniformitiesoftheflowjust
atthebladetrail~ edge.

Thisreportpresentsananslysisofthelossesoccurringdo%mstream
of a two-dimensionalbladerowintermsofthebasicboundary-layer
characteristicsoccurringatthebladeexitforcompressible-flowcondi-
tions. Equationsarederivedforthefollowing:

(1)

(2)

(3)

The

Obtainingthecompressible-flowcharacteristicsofaboundsry
layerhavinga simplepowervelocityprofile

Usingtheseboundary-layercharacteristicsin obtainingloss
coefficientsatthebladetrailingedge

Agsinusingtheseboundary-layercharacteristicsinobtaining
over-slllosscoefficients,whichincludetheeffectof
mix@3 dowmtresmofthebladerow.

resultsoftheamalysisarethenused(1)to showtheeffectof
increasingtheflowvelociti~sintothehighsubsonicandsupersonicre-
giononthelosscoefficients,(2)to studytheeffectofmixing
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downstreamofthebladerowonthelosscoefficients,
theeffectoftrailing-edgethictiessontheover-all

A description
gationcanbemade
turbomachineblade
isshowninf-e

BASIC!CONSIDERATIONS

3

and(3)to StUdy
loss coefficients.

ofthebasicconsiderationstiolvedinthisinvesti-
throughuseoffigure1. A typicsltwo-dimensional
rowwiththestationnomenclatureusedintheanalysis
l(a).AU symbolsaredefinedinappendixA.

StationO

StationO representstheinlettothebladerow. At thisstation
uniformtotalpresstiep~ isassumedto occur.Noflowamgleorve-
locitylevelneedbe specifiedatthisstation,astheinvestigation
presentedhereinis independentofthesequantities.

Station1

Station1 isthatstationjustdownstreamofthebladerow. As the
flowpassesthroughthebladerow,”a boundarylayerisformedoneach
surface.Thisboundsrylayerresultsina velocityandtotal-pressure
profileshdlarto thoseindicatedinfigurel(c). Thevelocityvaries
fromthatatfreestream(Vf8,1)to O intheregionofthetrailing
edge.Thetotalpressurevariesfromafree-stresmvalueof p$s,~=p~
to thestaticpressurepl. As indicatedby figurel(c),thisstatic
pressureisassumedconstantacrossstationl.-

Alsoshownatthisstationisa trailing-edge
isexpressedintermsofspacings. As indicated
valueof 5te canbe obtainedfromtherelation

tate=s cos CLl

blockagebte,which
by figurel(b),the

(1)

It isassumedthatoverthismea noweight
occursandalsothatthestaticpressureis

flow,andhencenovelocity,
equalto pl.

.- . .—— ——...— ..—.—-— ..—— —.. ——. ——
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Station2

Station2 islocatedata
bladerowthatcompletemixing

distancesufficientlydownstreamofthe
hastakenplace.BothflowvelocityV2

andtotalpressurepi areumlform,as showninfigure1(c). Thetotal
pressurepi islessthan p~ becauseofthebladeloss.

.
Theinvestigationpresentedhereinutilizesthebasicconsiderateions

justdiscussedinthefo~owingthreep~ses: &
:

(1)Thecompressible-flowbounds.ry-hyercharacteristicsoccurring
at station1 aredevelopedfora simplepowervelocityprofile.

(2)Losscoefficientsat station1 arethenobtainedintermsof
theseboundary-layercharacteristics.

(3)Over-aJJ-losscoefficientsat station2 arethenobtainedin
termsofthesessmeboundary-layercharacteristicsat station1.

Thethreephasesarepresentedinthisorderinthenextthree
sections.

BASICBOUNDARY-- C!WTERISTII!S

Fourparamet=sareusedinthisreportto describethecharacteris-
ticsoftheboundarylayeratthebladeexit: (1)displacementthiclmess,
(2)momentumthickness,(3)energythiclmess,and(4)pressurethickness.
Thefirstthreeparametershavebeenusedpreviouslyinoneformor an-
otherinboundary-layerwork. Thefourthparameteristhesameasthe
thirdforincompressibleflowandisa measureofthemass-averaged
total-pressurelossattheexitofthebladerowforcompressible
flow.

DisplacementThickness

At~ical boundary-layervelocityprofileisshowninfigure2. The
velocityvariesfromzeroonthesurfaceto
layerheight~. Thefree-streamstatic
throughthisboundarylayertothewall,and
assumedconstantacrosstheboundarylayer.

Vfs atthefti-boundary-
pressureisassumedto extend
thetotaltemperatureis
Thelossinmaasflowasa

——.— —..
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resultoftheboundary-layer
placementthickness5, over
MathematicaUy,

5

formationisexpressedintermsofa tis-
whichfree-streamspecificmassflowpasses.

J6-
~Pf8vfB= 5fullpfsvfs- pv a

o

or

MomentumThickness

Themomentumthickness0 isdefinedina mannersimilartothe
displacementthickness.Thelossinmomentumas a resultof surface
frictionisexpressedintermsofa length6 overwhichfree-stream
momentumpasses;thatis,

or

J8- J%ulle= --eL~- _fLdy
Pfsvfs Pf6v;s

0 0

(2)

(3)

Thelossinkinetic
larlyexpressedinterms
energypasses;thatis,

I

Energy‘llhiclmess

energyas a resultof surfacefrictionissimi-
ofa length~ overwhichfree-streamkinetic

.- —— —
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Pressure‘lhichess

(4)

Ftially,themass-integratedlossintotalpressureasa resultof
surfacefrictionisexpressedintermsofa length~ overwhicha mass-
integratedfree-streamdynamicpressureexists.Mathematically,

or,

FormFactor

TheformfactorH isdefinedas

H=;

‘Ekibstitutingequations(2)and(3)intoequation(6)gives

H= r%dl%ull - _Q_-~
Pfsvfs

10

(6)

&
CDm

.

.-
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or,definingY = Y[6~,

H=

7

(7)

EnergyFactor

TheenergyfactorE isdefinedas

(8)

Substitutingeqpations(3)and(4)intoequation(8)with y = Y/bm,

Jkk.-~~Q

E=

f

1

r

1

*Q- *@
Pfs%

(9)

do Jo

PressureFactor

A pressurefactorP isdefinedhereinas

(10)

- . . -———-.——.-— .—.————.. . . -..—.._ .. ..— .—z ~.—
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Substitutingequations(3)and(5)titoequation(10)with y = Y/bfi,

I n7 / LL \

‘ \J o
rfs“fs I Pfs% ,do -

/

.

(U)

EffectofCompressibilityon H,E, and P

A velocityprofile
calledthesimplepower

commonlyusedinboundary-lsyerworkiswhatis
profile.Thisrelationis

v—=
Vfs

P (12)

Thisvelocityprofileisappliedto equations(7),(9),and(n) inap-
pendixB to determinetheeffectof compressibilityon H,E, and P.
TheresultingequationsderivedinappendixB are

1 3% 548

H= n+l ‘3n+l+5n+l+””-

1 % 4s
(n+ l](2n+ 1)+ (3n+ l)(4n+1]+ (5n+l](6n+ l\+”*”

(B12)

[(
1 % 4s

2
E= n + l)(3n+ 1)‘(3n+l){5n +l)+(5n+l)(7n +1)+””” 1

1 %3
~n + l)(2n+ 1j+(3n+l)(4n+ l)+

%
(5n+l)(6n+ l)+”””

(B13)

z
U3
N-)

.—
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,

‘-($)fs++. ~-(5)fsBl, ~sF-($)fs~l+ . . .

P= n+l 3n+l 5n+l

‘[mP 1 %?sn 1- $?s
F f, n+l)(2n+l 1~+(3n+l)(4n+l]+(5n+l)(6n+l~+ “ “ “

(B14)

()V2where 4,=* ~f~
()

.d B==. As +
r-l + 0,the

crfs
expressions

()‘v_ ~o=zn+l
Vcrfs

‘(i)fs”o=p(++o=-
areobtained.Theseexpressionsareidentical
sideringairincompressible.Also,as n + O,

l+Af~
H =1

n+o - 4s

E =2
n+o

and

(B15)

@16)

withthoseobtainedcon-
theexpressions

@17)

(B18)

“0=2[(+::
areobtained.

(B19)

The parametersH,E, and P,whichwerecomputedfromequations

II )
B12)to (B19)fora rangeoffree-streamcriticalvelocityratio
Vv crfs andvelocitypower n,areshowninfigure3. Theenergy

..— —..—. ___ ____ ——.-_.-._—_ ._-_. —— ——.— . .



10 NAM TN3515

factorE isplottedasa functionofformfactorH with(V/Vcr)fs
and n asparametersinfigure3(a).Fora given n,theformfactor
ticreasesastheflowvelocityisticreasedintothehighsubsonicand
supersonicrange.Forexample,at n + O thelimitingH ticreases
from1 at (V/Va)fs+ O to approximately2 at {V/Vcr}fs= 1.4. The-
energyfactorE isalmostindependentofvelocitylevelfora specified
n. At n+ 0,E isconstantandequalto 2. At n = 0.5,E increases
from1.60at (V/Vcr]f~+0 to only1.62at (V/Vcr)fa= 1.4,an increase
ofonly1 percent.Theimportanceofthisnearindependenceofvelocity
levelisbroughtoutlaterinthereport.

ThepressurefactorP isplottedasa functionof H infigure
3(b). Thecurverepresenting(V/Vcr)fa+ O isthesameinbothfigures,
since E

()
v

=

()
p v do” However,astheflowvelocityis

+0rcrfs rCrfs
raisedintothehighsfisonicandsupersonicregion,thepressurefactor
P increasesmsrkedly.Forexample,at n~O, P increasesfrom2 at
(v/Vcr)fs‘o to 2.97at (V/Vcr)fs= 1 and4.54at(V/Vcr)fs= 1.4.

,
Theimportanceofthisdependenceof P on
cussedinlat- sections.

APPLICATIONOFEASICBOUNDARY-LAYER

velocitylevelisalsodis-

CHMW2TERISTICSTO

LOSScoEFFIcnms ATBLADE- (STNIONI)

Thebasicboundary-layercharacteristicsdescribedintheprevious
sectionarenowusedinobtainingt~ekinetic-energy-losscoefficient
el andpressme-losscoefficient~. Thekinetic-energy-losscoeffi-
cient

{7)1 ~ (~11
~=1 -— =-—

? $
(13)

th,1 fs,l

andrepresentsthemass-averagedlossinkineticenergyat station1.
similarly,

7
1 % ~ 3-—
-~ P+s1

%=~= PI
(14)

1 -— +,
-q 1 P+E,l

andrepresentsthemass-averagedlossintotalpressureat station1. k
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and

M
o
$

8
.

Expandingeq~tions(13)and(14],

_ Jy-(%)!l(i%)l
-L

[ (-9]1- P+*1

G= n-l

j;(-),.(:)
Inorderto expressthese
characteristics,define

.

quantitiesin termsofthebasic

J( )
1

_.eE-1a2() =1-5*-~es

o

J1

0

1-
.

J[1

1-

0

(15)

(16)

boundary-layer

(17a)

(1711)

(17C)

— .—= . .. .. . _ —. —.
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whereit is

do

assumedttit

%ot = 5#5
5*= s Cosa1 s Cosk

‘tot e*.+e
e*= scos~= s Cos%

*tot *S -1-*P
$*= s Cosal ‘scos~

E-tot g-s+ gp.5*=s Cos~ ‘Scoscq

= ‘5* (17d)

(18a)

(18b)

Substitutingequations(17)titoequations(15)and(16)thenyields

(18c) .

L
(18’)

and

and

C*E1’1-(5*+~e)

$totE*s — = ~*
%Ot e

1

*=~=~*

p – etot e*
~

(19)

(20)

(21) .

r,,
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equations(19)
\
and(20)canbewrittenas

~=1 **
- {:*P+5te)

(22)

(23)

APPLICATIONOFBASE!BOUNDARY-LAYERCEARACTQ31STK!STO OVIR-ALL

LOSSCOEFFICIENTS(SI%TION2)

Thissectionpresentstheequa~ionsusegto obtaintheover-allloss
coefficientsacrossthebladerow e2 and ~. Althoughthebarsagain
denotea mass-averagedvalue,actualmass-av=agingisnotnecess~,
sinceconditionsareuniformat station2. Thesecoefficientsarede-
finedinthesamemanneras :1 and ‘~;thatis,

y-J

and

= 1- (24)

(25)

Thederivationoftheequationsusedinobtainingthesecoefficientsin
termsofthebasicboundary-layercharacteristicsat station1 ispre-
sentedinappendixC.

IncompressibleFlow

Fortheincompressible-flowcase,whichrepresentsthelowerl~it
ofthecompressible-flowcasewhere(V/Vcr)fs,l+ o)thede~itY P ~

..— —— __ —.— .——. . ——_
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constant.

andcanbe
at station
—

Becauseofthis

setup directly

NACATN3515
r

spectiication,;2

(–)
,V +0=%, v
Vcrfs ()Gfs+o ‘

in-termsoftheboundary-layercharacteristics
1. ThisisdoneinappendixC,andrewritten

+0 =%,(]) *O

hereis

(-)e2, v
‘crfs,l \vcr/fs,l

(1- 5*- bte- e*}2
sinzy + Cos%l(l- 5*- bte)z :

(1- 5*- bte)z
=1-

where

1+2 COS%JI(l-& - btep - (1- 5*- bte- e*~

(clJ-)

t + btot
%e+5*=scos~

CompressibleFlow

Forthecompressible-flowcase,the,densityp variesandmustbe
consideredinthederivation.Whenthiswasdone,
for <2

no explicitequation
or ~ couldbeobtainedasforticompressibleflow. However,

fromequations(24)and(25),itisevidentthat,once p~/p&‘and p2/p~

areknownfora givensetof conditions,<2 and ‘~ canbe computed
easily.Thefollowingstepssummarizethemethodof computingthese
pressureratiosdescribedinappendixC forgivenconditionsattheblade
exit:

(1)TheparametersC and D arecomputedfrom

(),2(1- +s,1) + + cos2q (1-,5*- 6te- O*)+ fs~
c ~

()

vCosUJl - 5* - bte~~fsjl

(C16) -

.

.—. —. . . . . ——-——.-—------
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() (1- 5*-ate-
D:~ sinq

crfs,l 1 -5*-%e 7

(2)me quantity(V~Vcr)2 isobtainedfromtheequation

(3)Thedensityratio(p/p’)2 iscomputedfrom

-1

(4)Thetotal-pressureratio p~p~ iscomputedfrom

(5)Thepressure
theequation

(6)Once
computedfrom

(C18)

(C20)

(C21)

()-E&- CosCL-J{1-5* - ate)
crfs,l

()

pvx (C22)

P’v~ 2

ratio[pip’)2 canbe computedfromstep(3)and

thispressureratioisknown,& and ‘~ caneasilybe
equations(24)and (25). -

‘Theequationsjustpresentedwereusedto obtain
figure4. Figure4(a),obtainedfrcmequation(Cll),
limitingcasewhere(V/Vcr)fs,l+ O. Figures4(b)to
tainedfromthecompressible-flowequationsandcover
0.6,1.0,1.2,and1.4,respectively.

thecurvesin
representsthe
(e)wereob-

(v/vcr~fs,l‘f

Exceptforfigures4(d)and(e)(supersonicflow),eachfigure
hasthreepartscorrespondingto al of0°,30°,and60°. For

(v/vcr)fs,l of1.2and1.4(figs.4(d)and(e)),a limitationisimposed

—..—_. _. —._ __ _____ —-. -
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on al (37.5°for1.2and
wheretheaxialcomponent

NACA

50°for1.4). Theseanglesrepresent
oftheMachnumber~~,1 isunity.

TN3515
.

theltiit
At angles

lessthantheselimits,an obliqueornormalshockwasindicatedinthe
solutiontotheequations.Figure5 presentsthislimitingangle~ as
a functionofthesupersonic(V/Vcr)fs,l.Thus,thereme onlytwoparts
forfigures4(d)and(e),correspondingto ~ of37.5°and60°for

(v/vcr)fs,1 = 1.2 and50°and60°for(V/Vcr]fsjl= 1.4.

Shownineachfiguresretheover-allkin~tic-energy-losscoeffi-
cient <2 andthepressure-losscoefficient~ asfunctionsofthe
momentumthickness19*fora rangeof (t+ ~ot)/s froma lowerlimit
to 0.10. Thislowerlimitas shownrepresentstheminimum(t+ 5tot)/s
thatcanbe obtainedforthegiven~ and 6* andiscomputedusing
theminimumformfactorfromtheequation

s

where H isobtainedfrom
n+O

Alsoshowninthefigwres

and

as a function
later.

= (cosq) 6* H
n+O

equation(B17).

arelinesrepresenting

& E =2(3*
n+O

e* P
n+O

of e*. Thesignificanceof

(26)

(27)

thesecurvesisdiscussed

Forspecifiedboundary-layercharacteristicsandbladegeometry,
figure4 canbe usedin estimatingtheover-alllosscoefficients~z
and & foranybladegivenconditionsat station1. Thefigurecan
alsobe usedto studythekinetic-ener~sndpressuredefectsbehinda
bladerowwithsatisfactoryaccuracyformoderatevaluesof (t+ ~ot)./s.
Thiscanbe doneusingPI and Vfs,l insteadof P2 and Vth,2 in
equations(24)and(25).Further,thefigurecanbe usedtomakesome
generalobservationsconcerningtheflowconditionsdownstreamofthe
blade.

.

———————-- ——.—-————— - — ——— ——
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AccuracyofBoundary-IayerCharacteristicsNeeded

to ComputeOver-AllIOss.Coefficients

Indeterminingtheover-alllosscoefficientsofa bladeofa given
geometry,theboundary-layercharacteristicsatthebladeexit,e* and
(t+ ~tot)/s,mustbe lmownor estimated.Inspectionoffigure4 shows
that,especiallyforsmallvaluesof (t+ 5tot)/s,onlymoderateaccuracy
in obtting thisparameterneedberequired.However,since;2 and =2
arealmostdirectlyproportionalto ex,theaccuracyin obtainingthese
coefficientsdependsontheaccuracyinknowinge*. Now,

s Cosy (18b)

Since s and ~ arefunctionsofgeometry,theaccuracyinobtaining
.e* inturnMrectlydependsontheaccuracyinobtatiingthetotalmo-
mentumthickness‘%ot“ Itisthusnecessarytohaveeither(1)exten-.
sivedataavailablefromwhichaccurateestimatesofthemomentumthick-
nesscanbeobtainedor (2)anaccurateanslfiicalmethodforcomputing
themomentumthicknessintermsofthebladegeometryandvelocityand
static-pressuredistributionsaroundthebladeforcompressible-flaw
conditions,beforeanaccurateevaluationofthebladeover-allloss
characteristicscanbemade.

EffectofCompressibilityonIOSSCoefficientsBeforeandAfterMixing

A studyoftheeffectofcompressibilityonthelosscoefficients
beforeandaftermi.?d.ngcanbemadefrom;figure4 andequations(22)and
(23). If 5*+ bte is sufficientlysmall,theequationscanbemodi-
fiedto

Z1 . e%3* (28)

(29)

Inspectionoffigure4 showsthatthelinesrepresentinge*n~ ~
(eq.(26)) andthelinesrepresenting@ P (eq.(27))approxi-

n+O

mate =2 and ~ forsmallvaluesof (t+ ~ot)/s. So,fromequations
(26)to (29),

—.—y .— .— —
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(30)

(31)

k illustratingtheeffectofcompressibikLtyontheselosscoeffi-
cients,letthefactorsE* and ,P* be representedby E and P cor-
respondingto n = 0:25.Witht&Ls_assumptionfigure3 canbeusedto
cmputetheratiose2~l and m.#~ franequtions(30)and(31).
Thecalculationresultsareshowninfigure6,where~2/=1 and ~2/fil
areshownasfunctionsoffree-streamcriticalveloci~ratioat station
1, (V/Vcr)fs,l=At (V/Vcr)fs,l~0, thevaluesof 52@I and G2fil
areidenticalandinthiscaseequalto 1.16.Thus,for(V/Vcr)fs,l+ O,

a 16-percentincreaseinlosscoefficientis obtainedbecauseoftie
-ng downstreamofthebladerow.

Astheflowvslo~itiesareincreasedintothehighsubsonicand
supersonicrange,e2/elremainspracticallyconstant,indicatingthat
theeffectofmixingonthekinetic-ener~-l~sscoefficientisaJmost
independentofvelocitylevel.However,~/~ increasesmarkedlyas
thevelocitylevelisincreased,frcnn1.16at (V/Vcr)fs,l+0 to 1.39
at (V/Vcr)fs,l= 1.0 andl.70at (V/Vcr)fs,l= 1.4. Thesesametrends
can,ofcourse,be obsenedtifigure4, inthatthecurvesfor G2 in-
creasemsrkedlyin slopefromthoseof ‘~ asthevelocitylevelisin-
creased.OntQebasis_ofthisdiscussion,itcanbe concludedthat,
usingeithere2 or m2,mixingdownstreamofthebladeresultsin loss—
coefficientssignificantly~eaterthanthoseatthetrtilingedge,~
beingthemoreaffectedatthehighvelociwlevels.Itis therefore
importantthat,in describingtheperformanceofablade,over-illchar-
acteristicsbe usedratherthanthose_ms-averagedjustattheblade
-t. Also,becauseZ2 aswellas el isindependentoftheeffect
Qf compre~sibi~ty,thesecoefficientsappeartobemoredesirablethan
~ and ~ b describingthebladeperformancecharacteristics.

EffectofK&aiMng-EdgeThiclmessonOver-MlLossCoefficients

Theeffect’oftraildng-edgethicknesst/s ontheover-allloss
coefficientscanalsobe determinedthroughuseoftheparameter
(t+ btot)/sh fi~e 4. Thiseffectisbestillustratedbyan ex-
ample.Thecurvesoffigure4 wereusedto computetheover-ildloss

.

.
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coefficientsofa bladerowhavinga mcmentumthickness@*= 0.01and
an ~ representedby H correspondingto n = 0.25.Theresultsof
thesecalculationsarepr~sentedinfigure7_inte-_ ofthekinetic-
energy-losscoefficiente2. Theratioof e2 to e2 atzerotraiWg-
.edgethicknessisplottedasa functionoftraiLLng-edgethiclmessfor
al of0°,30°,and60°withfree-streamcriticalvelocityratio

‘V/vcr)f8,1 astheparameter.

Inspectionoffi~e 7 showsthatthetrailing-edgethickness,es-
peciallyathighvalues,canincreasetheover-aUlosscoefficients

60°md (V/Vcr)fs,lSifgificantl.y.Forexample,at ~ = = 1.0,

~2F2,t/B=o is1.25fora trailing-edgethiclmesst/s of0.04. H
thethicknessisincreasedto0.06,~~2 s,t/s=pis1.73.

Theeffectofcompressibi~tyonthetrailing-edgelosscharacter-
isticscanbe studiedwithuseoftheparameter(V/Vcr)fs,linfigure7.

For(V/Vcr)fs,l+()~~2doesnotvarymarkedl.ywithangle.Forexmple,
at t/s= O.u, ~2/e2,t/s~iS1.23for ~ =0° ~dl.22 for ~ =60°.
As theflowvelocityisincreasedintothehighsubsonicandsupersonic
regions,thetrendwithcompressibilitydependson ~. At ~= 60°,
~he-effectof compressibilityis small.Again,for t/s=0.04,
e21e2,t/s=Oincreasesfrom1.22forinccnnpressibleflowto 1.36for

(v/vcr)fs,l= 1.4. However,at ~ = 0°,a muchgreatereffectcanbe
noted.For t/s= 0.04,:&,t/8* increasesfrom1.23forincompress-

ibleflow-to1.91for(V/Vcr)f~,~= 1.0. Thiseffectdoesnot-end
above(V/Vcr)fs,l= 1.0 becauseofthelimitationimposedbythe~al.
componentoftheblade-exitMachnumber(seefig.5). Thus,thisdis-
cussionindicatesthatincreasingthetrailing-edgethiclmesscanin-
creasetheover-alllosscoefficientsignificsatly,witha compress-
ibilityeffectatlowvaluesof al.

SUMMARYOFANMYSIS

~ ananalysisto determinetheeffectof cmnpressibilityonthe
two-tiensionallosscharacteristicsoccurringdownstreamofturbo-
machinebladerows,equationswerederivedforobtainingthecompressible-
flowboundsry-1.syercharacteristicsfora simplepowerveloci~profile.
Losscoefficientsat thebhde trailingedgewerethenobtainedinterms
ofthesecharacteristics.IYnally,over-tilosscoefficients,which in-
clude the effectofmixingdownstreamofthebladerow,wereobtainedin
termsofthesecharacteristics.Pertinentresultsoftheanalysisareas
follows:

__ .—...— — .—— -—.
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1.Thelosscoefficientsbased.onkineticenerabothbeforeand
aftermixingwereapproximatelyindependentof canpressibility,butthe
losscoefficientsbasedonpressurewereconsiderablyaffected.Thus,
thelosscoefficientsbasedontieticener~arethemoredesirablein
describingtheccnnpressible-flowbladelosscharacteristics.

2.Theover-aJllosscoefficientsdependeddirectlyonthemcunentum
thicknessjustatthebladetrailingedge.Thus,in orderto obtainW
bladelosscharacteristicsaccurately,an accurateevaluationofthemo-
mentumthiclmessmustbe obtainedforcconpressible-flowconditions,

Fa
eitherby experimentortheory.

am

3.Thelosscoefficientsaftermixingweresignificantlygreater
thanthoseatthetraillngedge,especiallyathighsubsonicandsuper-
sonicvelocitylevelswhenbasedonpressure.Thiseffectofmixing
shouldthenbe includedin describingthebladeperformance
characteristics.

4. b theexsmplediscussed,Increasingthetraillng-edgethichess
increasedtheover-tilosscoefficientssignificantly,withan effect
of compressibilityonlyat exitflowanglescloseto axisl.

.

LewisFlightPropulsionLaboratory
NationalAdvisoryCcmmitteeforAeronautics

Cleveland,Ohio,June8,1955

●

—
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r-l ()2
A parameterequaliio~ #

cr

B constantequalto (2y- 1)/(7-1)

c psrameterdefinedineq.(C16)

D psxameterdefinedineq.(C18]

E energyfactor,~/@;E* . $*/8*

: kinetic-energy-losscoefficient

g

H

M

n

P

P

8

T

t

u

v

w

x

accelerationduetogravity,32.17ft/sec2

formfactor,5/8;H*. 5*/e*

Machnumber

exponentusedindescribingboundary-layervelocityprofile

pressurefactor,~/9;P*= @/6*

pressure,lb/sqft

bladespacing,ft

temperate,% abs

bladetrailing-edgethickness,ft

distanceintangentialdirection,ft

gasvelocity,ft[sec

weightflow,lb/see

distanceinaxialdirection

———-—-— —.— —-—.——..—— ——— .—. -.—
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distanceindirectionnormaltobountkry-layertravel,ft

distanceindirectionnormaltoboundary-layertravelinterms
of z-, Y = @m

flowanglemeasuredtiomaxialdhection,deg
.

ratioofspecificheats

tispkcementthickness,ft

displacementthictiessdefinedas %ot/,s cosa

fullboundary-layerheight,ft

ratiooftangentialcomponentoftrailing-edgethicknessto
spacing,t/scosal

momentumthickness,ft

momentumthicknessdefinedas etot/sCos~

pressurethickness,ft

pressurethicknessdefinedas EtotlsCosal

gasdensity,lb/cuft

energythickness,ft

energythiclmessdefinedaS yto~s cosal

pressure-losscoefficient

Subscripts:

cr conditionsatMachnuniberof1

fs conditionsatfree-streamorthatregionbetweenbladewakes

P pressuesurface

s suctionsurface

th theoretical

Famm
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.
tot sumof suctionandpressuresurfacequantities

u tangentialcomponent’

x axialcomponent

o stationupstreamofbladerow

1 stationjustdownstreamofbladerow

2 stationaftercompletemixingoccurs

superscripts:

I totalstate

referstomass-averagedquantity

-————.—. . -.— ..— — —— ~— .._ —-—.
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APPENUX B

DEVELOPMENTOFEQUATIONSFORFORM,ENERGY,ANDPRESSURE

FACTORSIN

mis appendixpresents
tainingtheformfactorH,
termsof compressibleflow.

and

.

TERMSOFCOMPIlESS13UXFLOW

thedevelopmentoftheequationsusedinob-
energyfactorE, andpressurefactorP in
Theequationsfortheseparametersare PUY

f’1
tom

1- 1--a-@
Pfsvfs

Inordertoperform
locityprofile

thenecessaryfitegrations

(7)

(9)

(u.)

forthesimplepowerve-

—

(12)
.

——.
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equations(7),(9],and(Il.)mustbe expressedintermsof V[vfs 80
thatequation(12)canbe used. Withtheasswnptionsthatthetotaltem-
peratureandstaticpressureareconstantwithintheboundsxylayerand
equaltothefree-streamvalues,

and

.,

P+s
-T
TP

Theenergyequationcanbewritten

where

T
()

2r-l>-—
P=l T+l Vcr

= 1-A

V2()A=~—T+l Vcr

~us, substitut~equations(B4)and(B3) into(~) md (B2),

and

.& = (1- +s)(1-N-l

(In)

(B2)

(B3)

(B4)

(B5)

{B6)

.-
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Finally,substitutingequations(B5),(B6),and.(12)intoequations(7),
(9),and(n) andnotingthat A = ~s#nj

and

P=

H=

E=

)1
rr 2r-1-—

(1- Af~y2n)-1# dy - (1- ~,)m (1- Af~y2n)‘-1# dy
) o

J1 J’1

(1-A.&v fi @-
][01

(1-Jy*yql y2nay 1- ~ ~,
o 0

(B9)
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Theindividual
toyield

27

integrationswereperformedusingthebinominal.~ion

r1
I (1.q~y2n)-lyn~=*+&+& +.. .

r1

(1- Af.y2n)-ly%@=&+&+_ #+. . .

)

1

f

2~-1

(1-~*Y2n) T-l Y%=* +*+m!#_& +..
.

Jo
/

(Blo)
where B = (2Y- 1)/(T- 1).

Also,

+
=l*Af~+ A.&-A&+... (Bll)

So,substituting(BIO)and(B.11.)intoequations(B?),(W), and(B9) and
combiningwheredesiredyield

1 %s 54B— —.
H= n+l ‘3n+l+5n+l+””-

1 4s A&
(n+ l)(2n+ 1)‘(3n+l)(4n +l~+(5n+l)(6n +1~+ ””” .

(Blz)

.._ —._ ___ -.—— —.—. __ ——————— _– ._
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.

P

1 % A$s
2

E= (n+ l)(3n+1 + ~3n+ l)(5n+1 1)+(5n+l)(7n+ l)+”””

1 4s A&
(n+ l)(2n+ 1~+(3n+l)(4n+lj+ (5n+l)(6n+ l)+”””

(B13)

1- ($),.,+s[’-(5),*‘1+~s[1-(3,s +1,.● .
n+l 3n+l 5n+l

[M2 1
n 1-

P’f~ n+l)(2n+l ‘.
‘ ‘s ‘+++”””3n+l)(4n+l

(B14)

where

As(v/vcr)fs + 0)H and E caneasilybe obtainedfromequations
(E12)and(B13). me lwt on P as (V/Vcr)fs+ O C~Ot be determ~ed
directlyfromequation(B14).However,itcanbe showntkt

()

‘v
=Ev

()

. ‘l!hus,fromequalions(B12)to (B14)the

F
+o— -V +0

crfsjl crfs,l
expressions

Hv ~o.2n+l

()

(B15)

Tcrf.

Pv =EV +0= ~

()
+0

0
3n+l

TCrfs rCrfs

(B16)

axeobtained.Theseexpressionsarethesameasthoseobtainedconsider-
ingairincompressible.

1.

Itisalsodesiredthatthelimitsintheparametersas”n+ O be
obtained.Theselimitscanagainbe deriveddirectlyfromequations
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(B12)and(B13)for H and E butmustbe obtainedfrom(B14)using
L’Hospital’srule.

n

TheseMmitsmight
(6),(8),and(lO)

Thu5,

1++~
H

n+O ‘1-%

E =2
n+O

[

T
P =2 ‘r-1 4s

+0

1

2y-1

(l-&s)- (l-~*)T-l

(B17)

(B18)

(B19)

havebeenobtaineddirectlyfromthebasicequations
by lettingV/Vf~+ 1 andusingLIHospitallsrule.

.. . . .. ..— —.— -—. — -—— —-——— — -——,.
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APPENDIXc

DERIVATIONOFEQUATIONSUSEDTO OBTAINOVER-MLLOSSCOEFFICIENTS

INTERMSOFBASICBOUNIMKY-lMlE17CHARACTERISTICS

Theequationsusedto obtainthekinetic-ener~-losscoefficient:2 &a
andtheyressure-losscoefficient;2 intermsofthebasicboundary- 0m
layer
tions
flows

characteristics at station 1 are derivedherein.Thebasicequa-
aredescribed,andsolutionsforincompressibleandcompressible
aregiven.

Thefollowing
tions1 and2:

Continuity.-

~iC Equations

equationsare

At station1

usedtorelateconditionsbetweensta-

andat station2

Jo

w = (pv)zCos

Equatingweightflowsat stations1 and2

%’

gives

Cos~ J(PV)ld& = cos~ (PV)2
o

or,usingequation(17a),

Costil(1- 5* - b~e)(pv)fs,l= Cos~ (PV)2 (cl)

Momentumintangentialdtrection.- Thefollowingequationrelates
thetangentialmomentumat stations1 and2:

J1

sin q cosal (P~)ld(~)= s~ ~ cos~ (PV2)2
o

.
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Usingequations(17a)and(17%),

(C2)

Momentum in axial direction. - The equation used in conserving mo-
mentum in the axial direction is more complicated than that in the tan-
gential tiection, in that ctwmge in static pressure must be considered.
This equation is

Againusingequations(17a)and(ii%),

gp~+ COS2K (1- 5*- bte- e*)(PF)fs,l= gP2+ cos2~ (P@)2

(C3)

Incompressible-FlowSolution

Theincompressible-fldwcasecanbe saidtorepresentthelowerlimit
tothecompressible-flowcasewhere(V/Vcr)fs,1 + O. Forthiscasethe
dewityis specifiedconstant.Thus,~heover-allpressure-losscoeffi-
cient‘~, v

()

is equalto e2, v

(–)

andcanbewritten

E fs,l
+0 +0

‘crfs,l
as

P~ - p;

%, v
(–)

~o=%,~
()

+0 ‘P&P2
‘crfs,l ‘crff3,1

Now,forincompressibleflow

. . ..— . ..——— _. —.._ _____ ______ —.. — ——..——.—— ———
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so =2 canbe written as

% Hvvc~f~ = 1-
+0

,1

(C4)

Itisdesiredtousethebasicequations(Cl)to (C3) inorderthat ~
canbe expressedintermsof conditionsat station1 only.

Rewritingequation(C3) gives

(pv)~ (Pvqfs1 (1 5* _ ~te- e-q2
PI - P2= Cosal— - C062g 2% g’-

or

PI - P2 ‘2
2

()
= 2 cos2~ ~ - 2 cos2q (1- 5*- bte- ~)

* (P@)f8,1 )

Also, rearrang@ equation(Cl)

Substitutinginto

PI - P2—

& (P@)f8,1

(C5),

(C5)

andsquaringyield

= cos2q (1- 5*- 5te)2

=
[

2 cos2q (1 - 5* - 6te)2 - (1 - 5* - 1
bte- ‘9*)

(C6)

quations(cl)and(C2)aren~ Sol=dfor(v2/vf8,1)2~ t~ ofcon-
ditionsat station 1:

()

V2 2

Vfs,1
=*(1 -&-%e)2
Cos %

(C7)

.



2

()

‘2 sin IY,lcos al
—=
Vfs,1 sin ~ cos ~

(1 - 5* - F5te- 63*)

Equating(C7}and(C8) gives
*

Squaringandusingtrigonometry,

‘0s2%(1-5*-5te)4=
COS2?

andsolvingfor cos2~/cos2a2,

sinz~

1 - Cos2%(1-5* - ~e - e*)2

- e*)2 ~
(C9)

- 5*- bteCoszy (1
= sin2~

COS2% (1 - 5* - 5te)4 + cos’h

(1 - 8* - ate _ e*)2()72 2
Vfs,l

=Sin%q
(1-5* - F5te)z

(C8)

Substitutingequation(C9)into equation (C7)gives

Finally,substituting

+ COS25 (1-5* - btey

(Clo)

equations (C6)and (C1O)in equation(C4)gives

(1-8*-bte- e*)2
sin2~

(1- 5*- Z5te)z.
+COS2% (1-& -5te)2

z

()

2, v =1-

7 +0 1 + 2 Coszy l- b*-5te)2 - (1 - # - Ete - e*)
cr fs,l

(ml)

where

t + %ot
%e+5*’scos~

.-— — — __________ _ —— ..— _ —_——_
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Equation(C1l.)wasusedto obtain~ = =2 for(V/Vcr)f~,l+ O
andisgraphicallyshowninfigure4(a).

Compressible-FlowSolution

h thecompressible-flowsolutionthedensityp isnotconstant
andmustbe includedasa variableintheequations.So.forthissolu-
tion, equations (Cl) to (C3) are written ti-dimensionles;form

cosal (l-b*- %J(&)fs,fl(-)2:

sinqcosq(l-&.bte -
‘*’L%) fs,,=(R)2

()%T+l i-Coszq {1-5*-bte- HFjU2t_~ 2Y ‘$P cr fs,l

=%:(-)+[3)2:

Solving (C12) for p~/p~ andsubstitutinginto(C14)with

P-J/Pb=(P/P’)fs,l(1- %s,1) n~d ,

as

(C12)

or, defining

(C13)

(C14)

()vcosfi(l-5*- ‘1bte)~ f6 ~

()Pv~
(C15)

P’v=r2

.

(),V2(1- Afs,~)++cos2~ (1- 5’- bte- ‘*)~fsl
c~

cosal (l-b*-
~e)(a)fs,l

(C26)

-.. _
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equation (C15) becomes

(%)2-C(-)2+W””
Usingtheequationsof state andenwgy,thisequationreducesto

Ew?32+%@4E$+&q}=”
(c17)

Now,solvingequations(C12)and(C13)for(V~VU)2,

(2)PD= (fi)fs,flin%t ‘:~;~e~e~
(C18)

Equation(C17)canthusbe expressedintermsof (Vx/VW)2usingequa-
tion(C18)as

(%l-%(+)/(-s’)=O
(C19)

ThetermsC and D areknown,as theyarefunctionsof station
1 only.Equation(C19)isa quadraticequationin (Vx/Vcr)2withthe
solution

The WLnm sign is used in this solution to
after mixing. ~ce (vx/vcr)2 is obtained
density ratio (p/p’)2 is obtained from

*D2-~+r (C20)

yield the correct conditions
from equation (C20), the

(){ [-+’2+-L .1 r
P’ ,

1

()]}VX27=

Tcr 2
(C21)

— -...— -- —— .. ___ .—. —— —.._._.
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Eqution (C12) can then be solved for p~/p~ as

Now, forthe

()@-
ptvcr fs,l

Cos al (1 - 5* - qe)

/ Pvx !

NACATN 3515

(-)2
compressible-flowcase > and ~ areexpressedas

r-l

()

P~ r
7 -1
‘2Z2 =

~

and

Thus, in

(1)

(C22)

(24)

(25)

solvingfor <2 and ‘~ thefollowingstepsareneeded:

Forspecifiedconditionsat station1,theparametersC and D
canbecomputedfromequations(C16)and(C18).

(2)(Vx/Vcr)2=nbe computedfromeqution(c20).

(3)(P/P’)2canbe obtainedfromequation(C21).

(4)P~/P~ mnbe computedfromeqmtion(c22).

(5)(P/P’)2 canbe computedfromstep(3)andtherelation

(P/P’)2= (P/P‘):.

(6)Finally, =2 and ~ canbe obtained
(25).

Withtheseequations,figures4(b)to (e)
similartofigure4(a).

fromequations(24)and

areobtainedina form
.
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Whenthe
obliqueshock

equations just describedareusedfor
solutionoccursat certainvaluesof

(v[v~r)fs,l‘1,

9“ Physically,

37

an

this
solution occurs when the axial component of the Mach number at station 1
isgreaterthanunity:thatis,if ~s,l cosal >1. Thus,inthe
supersonic solution a limit of ~s,l = l/cosal wasused. 5s lim- -
itin.ga~le ispresentedinfigure5 asa functionof (V/Vcr)f8,1and
isusedinfigures4(d)and(e).

..—. — ___ .———— — .. . ————. —.
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Figure 5. - Variationoffie-tireamcriticalvelocltyratiowithangloattich axial
c~nt ofWch mmk iS tity.
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